ABSTRACT l-Menthone of peppermint leaves is reduced to d-neomenthol which is glucosylated and transported to the rhizome, whereupon the jf-D-glucoside is hydrolyzed, the aglycone oxidized back to I-menthone, and this ketone converted to l-3,4-menthone lactone. I-IG-3H1-3,4-Menthone lactone and its labeled progenitors, when incubated with excised mint rhizomes, gave rise to nonvolatile lipids as well as polar metabolites. The lipids thus generated consisted of labeled squalene and phytosterols in the nonsaponifiable fraction and C14-C26 fatty acids in the saponifiable fraction. These results imply degradation of the terpenoid to acetylcoenzyme A and reduced pyridine nucleotide, and reincorporation of label via these products. Starch and soluble carbohydrates were also found to be labeled; however, chemical degradation of the [Hjglucose obtained on hydrolysis of starch indicated the presence of tritium only on interior carbons, suggesting that labeling had occurred yia reduced pyridine nucleotides. Analysis of the labeled organic acids revealed the presence of several hydroxy methylacyl intermediates suggesting the operation of a modified j-oxidation pathway in the degradation of the acyclic terpenoid skeleton. The results indicate that monoterpenes transported to the rhizome are oxidized to yield acetyl-coenzyme A and reduced pyridine nucleotides, and suggest that metabolic turnover of monoterpenes in mint represents a mechanism for recycling carbon and energy from foliar terpenes into other metabolites of the rhizome.
On reaching the rhizome, the glucoside is hydrolyzed and the aglycone oxidized back to menthone, which undergoes oxygenation to yield 1-3,4-menthone lactone (i.e., the biological equivalent of the Baeyer-Villiger reaction) ( Fig. 1) (16) . The lactone, in turn, is metabolized to several unidentified nonvolatile polar and nonpolar products. Each enzyme of the metabolic sequence from neomenthyl glucoside to menthone lactone has been demonstrated in cell-free preparations from mint rhizomes, and tentative evidence has also been obtained for the enzymic activation of the lactone to the corresponding hydroxy dimethylacyl CoA ester (16) .
A lactonization reaction has also been demonstrated recently as a step in the metabolism of the monoterpene ketone camphor in sage (Salvia officinalis) (12) , and the reaction type is wellknown in microbial systems (18 and references therein). In fact, the lactonization of such monoterpenes as camphor and fenchone, by microorganisms which can grow on cyclic monoterpenes as the sole source of carbon, accomplishes the crucial ring opening step as a prelude to the catabolism of these compounds (9, 10) . In the present instance, the oxygeneration of menthone to the lactone accomplishes the conversion of the cyclic pmenthane skeleton to the acyclic 3,7-dimethyloctane skeleton. The subsequent degradation of this skeletal type, by a modification of the /3-oxidation sequence involving carboxylation and subsequent removal of the ,3-methyl groups as acetic acid, also has considerable precedent in microbial systems (8, 28 ). An alternate route for the degradation ofthe acyl chain might involve an a-oxidation followed by p-oxidation, a catabolic sequence known to occur in higher plants (29) and which would afford in this instance C02, and the CoA esters of acetate, propionate, and isobutyrate as cleavage products. On the basis of the circumstantial evidence and the analogy to microbial systems, it is tempting to suggest that the observed conversion of the lactone (and its immediate precursors) to nonvolatile polar and nonpolar products in mint rhizome represents the oxidative degradation of the terpenoid to simple precursors, which are subsequently incorporated into other cellular constituents. Until the ultimate fate ofthe terpenes in mint rhizomes is known, however, the proposal remains speculation.
In this communication we provide evidence that the terpene is degraded to acetyl-CoA and reduced pyridine nucleotide, either of which may be subsequently utilized in the biosynthesis of other isoprenoid lipids as well as acyl lipids of the rhizome. We additionally provide tentative evidence for the catabolic pathway by which the terpenoid is degraded. The results presented here give a strong indication that metabolic turnover of monoterpenes represents a mechanism by which a carbon and energy supply of the leaves (as accumulated monoterpene) is recycled in the developing rhizome. (3, 20, 22 Accordingly, the saponifiable fraction from above (0.5 QCi) was methylated and the methyl esters, after dilution with appropriate carriers, were separated by radio-GLC (Fig. 3) . Not surprisingly, the typical plant-derived fatty acids from C14 to C26 were radioactive. Thus, supporting evidence was provided that the 3H-labeled monoterpene was degraded to acetate and that this metabolite was utilized in the synthesis of both higher isoprenoid lipids and acyl lipids of the rhizome.
Experiments minimum quantity of 50 mm Na-acetate, pH 5, and dialyzed (3,500 mol wt cutoff membrane) against this buffer with additional loss of only 20% of the initial radioactivity. These results confirm the polymeric nature of the labeled product(s). This material when subjected to ultrafiltration (Amicon YM2, 1000 mol wt cutoff) was largely retained until amyloglucosidase was added to the filtration chamber, whereby some 50 to 70% of the 3H passed through the membrane within several hours. These results indicate that labeled starch was present and had been hydrolyzed to glucose. Similar treatment of the retained material with cellulase, pectinase, and pronase yielded considerably lower levels of filterable 3H, and the resulting hydrolysis products were not examined further. The filtrate obtained from the amyloglucosidase treatment of the water-soluble products was lyophilized, and following the addition of carrier D-glucose (2 mg), this material was subjected to TLC (silica gel G with acetone:water tracing is the thermal conductivity detector response obtained from coinjected authentic standards of the butyl esters of acetic (a), propionic (b), isobutyric (c), isovaleric (3-methylbutanoic) (d), 3-methyl-2-butenoic (e), 2-hydroxy-3-methylbutanoic (0, 4-hydroxy-5-methylhexanoic (g), citronellic (3,7-dimethyloct-6-enoic) (h), geranic (3,7-dimethylocta-2,6-dienoic) (i), and 6-hydroxy-3,7-dimethyloctanoic acid (j). The upper tracing is the response of the radioactivity monitor attached to the gasliquid chromatograph. The chromatographic column (OV-I0I, described in "Materials and Methods") was held at 70°C for 6 min and then programmed at 10°C/min to 220'C at a He flow rate of 80 cm3/min. fragment, a well-known microbial pathway allowing complete degradation of the 3,7-dimethyloctane skeleton to acetic acid and acetyl CoA (8, 28) (Fig. 4) . To confirm that oxidative degradation of the acyclic terpenyl chain did occur in the rhizome, and to distinguish between the possible modes of oxidation, organic acids generated in vivo from d-[G-3H]neomenthol were examined. For this purpose, rhizomes which had been incubated with d-[G-3H]neomenthol (20 uCi) were extracted with 0.1 N KOH and neutral substances were removed from the extract by extensive washing with ether. Acidification of the alkaline extract, followed by ether extraction, afforded the organic acids (0.55 ,Ci) which were butylated with BF3 in butanol.
The butyl esters were examined by radio-GLC and several radioactive constituents were thus shown to be present, one of which was coincident with an endogenous, extracted component, present in sufficient quantity to permit combined GLC-MS. From the mass spectrum (M+ = 202, with intense ions at m/e 43, 57, and 73, and major a-cleavage ions at m/e 129 and 159 [4] ), this compound was identified as the butyl ester of 4-hydroxy-5-methylhexanoic acid (i.e. the acyl chain produced after the first two cleavage steps of the oxidation scheme shown in Fig. 4A ). Additional carrier standards appropriate for both oxidation schemes were then added and the material reanalyzed to produce the chromatogram illustrated in Figure 5 . The bulk of the radioactivity of this fraction was associated with three components, the butyl esters of 3-methyl-2-butenoic acid, 2-hydroxy-3-methylbutanoic acid, and the aforementioned 4-hydroxy-5-methylhexanoic acid, each of which is a predicted intermediate in the oxidation scheme whereby the ,B-methyl of the original 6-hydroxy-3,7-dimethyloctanoate is removed (by carboxylation and cleavage to acetic acid) to afford a suitable intermediate for subsequent ,8-oxidation.
The short chain acids, acetic, propionic, isobutyric, and isovaleric (as the butyl esters) were also detectably labeled. Since the CoA esters of propionate and isobutyrate are predicted products ofthe degradation scheme involving an a-oxidation followed by (3-oxidation (Fig. 4B) It is important to note that the terpenoid precursor employed in these studies was G-3H-labeled and, because of the metabolic lability of tritium on ,B-oxidation (and lipid synthesis), the incorporations based on radioactivity are likely to underestimate total carbon flow through these pathways. In this context, it is also worthy of note that in these in vivo studies with G-3H-labeled monoterpene precursors, relatively little 3H20 was produced (16) .
This would suggest that3H-labeled nucleotides generated in the oxidation of the terpenoid chain were employed primarily in reductive carbon metabolism, a suggestion well supported by the observation that labeled hexose generated from the terpenoid precursor in vivo bore tritium only on the interior carbons. As indicated above, the possible involvement of such labeled nucleotides in the synthesis of acyl and isoprenoid lipids cannot be readily determined from the present results.
Several hypothetical functions for monoterpene turnover in higher plants have been previously proposed, including a possible role in carbon and energy metabolism in rhizomes (I 1). On the basis of the present evidence it now seems likely that the foliar glycosylation of terpenols followed by transport to and subsequent oxidation of the terpenoid moiety in the rhizome does, in fact, represent a means of recycling a mobile carbon and energy supply accumulated in the leaves during development. Since the essential oil content of peppermint plants may approach 1% (fresh weight) before the post-bloom decline (19, 30) , the potential contribution of the monoterpenes to rhizome metabolism is not insignificant. The general strategy for monoterpene catabolism in mint, including the lactonization of the p-menthane nucleus to afford an acyclic carbon skeleton and the oxidation of the resulting 3,7-dimethyloctane chain, has ample precedent in microorganisms which can utilize monoterpenes as the sole source of carbon and energy (8) (9) (10) 28 piperita (16) . Conversely, evidence for the transport ofmonoterpenyl glucosides from leaves to flowers, and the subsequent hydrolysis of the transport derivative at this site, has been described in the essential oil rose (5, 24, 25 catabolism also appears to occur in flower tissue, probably by a means similar to that in rhizomes.
